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ABSTRACT 
Carotenoids are accessory pigments that play roles in photosynthesis and 
photoprotection in plant leaves.  Genetic studies to associate carotenoid candidate genes with 
variation in photosynthetic capacity however, have not been conducted.  The objectives of 
this research project were to characterize the phenotypic variation of photosynthetic rate (A), 
effective quantum yield (ΦPSII), and photochemical quenching (qP) in sorghum (Sorghum 
bicolor L.), and to determine the level of association between phenotypic variation and 
polymorphisms in carotenoid candidate genes.  A LI-COR 6400XT portable photosynthesis 
unit was used as a high-throughput assessment tool in all experiments.  Preliminary studies 
were performed to evaluate experimental conditions that could potentially affect measured 
variation of leaf photosynthetic rate in sorghum.  Results from those preliminary studies 
indicated that plant developmental stage, leaf section, radiation level, and CO2 concentration 
in the LI-COR chamber were important variables.  The optimal conditions for photosynthetic 
measurements as determined in preliminary experiments were implemented in Linkage 
Disequilibrium (LD) mapping experiments.  A carotenoid diversity panel consisting of 86 
sorghum lines with known genetic variation for the carotenoid candidate genes Crtiso, Lcye, 
Hyd1, Hyd2, Zds, Ccd1, Nced3, Lcyb, Crtre, Pds, Psy1, and Psy3 was evaluated under 
controlled and field conditions.  Genetic associations between markers in the carotenoid 
genes and photosynthetic phenotypes were established by GLM and MLM models which 
include corrections for population structure, kinship, and multiple comparisons.  Multiple 
markers in three genes Crtiso, Ccd1, and Hyd1 were significantly associated with variation in 
photosynthetic rate and effective quantum yield in one or both environments.  Individual 
markers explained between 5 to 8% of the phenotypic variation, as expected based on the 
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genetic and physiological complexity of the trait under investigation.  This study is, to our 
knowledge, the first investigation on the natural genetic variation in carotenoid candidate 
genes and their effect on the photosynthetic capacity of a crop species. This research project 
was also a proof of concept that LD mapping can be applied successfully to determine the 
genetic architecture of complex physiological traits such as photosynthesis.
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CHAPTER 1. INTRODUCTION 
 Carotenoids are accessory pigments that play important roles in photosynthesis 
(Cogdell, 1985; Frank et al., 1991; Demming-Adams and Adams, 2002; Bode et al., 2009).  
Carotenoid candidate genes have been identified in sorghum (Sorghum bicolor L.) and 
linkage disequilibrium (LD) mapping has been successfully applied to test the association of 
these genes with carotenoid content in grain endosperm for human consumption (Salas 
Fernandez, 2008).  LD mapping evaluating photosynthetic mechanisms in leaf tissue has not 
been investigated.  The level of association of allelic variation in carotenoid candidate genes 
with photosynthesis in sorghum was determined by LD mapping and results from those 
studies are presented in this thesis.  If specific genes are responsible for variable 
photosynthetic capacity in diverse germplasm and superior alleles can be identified, they 
could be exploited in breeding programs to improve photosynthesis and crop productivity 
significantly. 
Why are we interested in sorghum? 
 Sorghum is the fifth most important crop worldwide (FAOSTAT, 2009) and the 
second greatest source of grain based ethanol in the United States (Paterson, 2008).  The 
plant is used for human and animal food, forage, and other industrial purposes, and it is also a 
biomass crop of interest for biofuel production.  Sorghum is a C4 tropical grass with 
exceptional drought tolerance and its center of origin is Eastern Africa where a significant 
amount of genetic diversity still exists (Rooney, 2004).  
 Sorghum is an interesting model crop for genetic studies because its DNA has been 
sequenced (Paterson, 2008; Paterson et al., 2009) and has a ~730 Mb genome consisting of 
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ten chromosomes (Kim et al., 2005).  It can be used for comparative genomics studies with 
other cereal crops with more complex genomes because it is representative of C4 grasses, has 
a low frequency of gene duplication, and is evolutionarily closer to maize and sugarcane than 
rice (Paterson, 2008). 
What are carotenoids and why are we interested in them? 
 Carotenoids are hydrophobic molecules commonly associated with plastid 
membranes (Cogdell, 1985).  There are over 700 different carotenoids with a common 
structure of multiple conjugated double bonds attached to carbon rings (Britton et al., 2004).  
In photosynthetically active tissues, carotenoids have the following functions: light 
harvesting and energy transfer to chlorophyll, quenching of triplet chlorophyll excited states 
to prevent reactive oxygen species (ROS) production, and regulation of singlet chlorophyll 
(Bassi and Cafforri, 2000).   
The carotenoids β-carotene, zeaxanthin, violaxanthin, and lutein are in abundance in 
plants and are the most relevant for this study.  β-carotene is commonly found in the 
photosystem I (PSI) and photosystem II (PSII) complexes, whereas violaxanthin, zeaxanthin, 
and lutein are part of the light harvesting complexes (LHC) (Cogdell, 1985). 
Carotenoid biosynthesis occurs mostly in chromoplasts and chloroplasts (DellaPenna 
and Pogson, 2006; Howitt and Pogson, 2006) by nuclear encoded genes (Fig. 1).  The 
carotenoid biosynthesis and degradation pathway has been extensively studied.  It is 
conserved across species and leads to the production of the stress hormone abscisic acid 
(ABA) (Hirshberg, 2001; DellaPenna and Pogson, 2006). 
The carotenoid biosynthesis pathway starts with th
geranylgeranyl diphosphate molecules to form 15
C40 carotenoids (Li et al., 2009).  This step is catalyzed by the enzyme family phytoene 
synthase (PSY) (Gallagher et al., 2004; Li et al., 200
Li et al., 2009) and it is a rate
Fig. 1.  The carotenoid biosynthesis pathway in plants.  
PDS, phytoene desaturase; Z-
desaturase; CRTISO, carotenoid isomerase; LCYB, lycopene 
cyclase; β-OH, β hydroxylase; 
NCED, 9-cis carotenoid cleavage dioxygenase; ZEP, zeaxanthin epoxidase;
violaxanthin de-epoxidase. 
 
Phytoene desaturase (PDS) and 
reactions by adding four double bonds to form cis
2002).  In maize, a 15-cis-ζ-carotenoid isomerase (Z
(Li et al., 2007; Chen et al., 2010; Cong et al., 2010).  Carotenoid 
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e condensation of two 
-cis-phytoene which is the backbone for all 
8a; Li et al., 2008b; Welsch et al., 2008
-limiting step in the pathway.   
 
Enzymes: PSY, phytoene synthase; 
ISO, 15-cis-ζ-carotenoid isomerase; ZDS, ζ-carotene 
β-cyclase; LCYE, lycopene 
ε-OH, ε hydroxylase; CCD, carotenoid cleavage dioxygenase; 
 VDE, 
ζ-carotene desaturase (ZDS) catalyze
-lycopene (Isaacson et al., 2002; Park et al., 
-ISO) isomerizes a single double bond 
isomerase 
; 
ε-
 desaturation 
(CRTISO) 
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catalyzes cis to trans isomers, creating an all-trans-lycopene (Isaacson et al., 2002; Park et 
al., 2002; Isaacson et al., 2004).  The isomerization of carotenes by CRTISO can occur 
during or after the desaturation by ZDS but occurs after the PDS catalyzed desaturation 
(Isaacson et al., 2002).  In bacteria, a single phytoene desaturase, CrtI, catalyzes the 
formation of all bonds in one step instead of three (Hirshberg, 2001).   
 After the production of all-trans-lycopene, the carotenoid biosynthesis pathway 
branches to form either lutein or all other carotenoids (Cunningham and Gantt, 2001; Harjes 
et al., 2008; Bai et al., 2009).  Lycopene β-cyclase (LCYB) will synthesize β-carotene.  
Lycopene ε-cyclase (LCYE) and LCYB together produce α-carotene (Pogson et al., 1996).  
β-hydroxylases (β-OH) and ε-hydroxylases (ε-OH) add hydroxyl groups to synthesize lutein 
and zeaxanthin (Tian and DellaPenna, 2004; Kim and DellaPenna, 2006).  Carotenoid 
cleavage dioxygenases (CCD's) and 9-cis carotenoid cleavage dioxygenases (NCED's) 
catalyze the oxidative cleavage of carotenoids into apocarotenoids including volatiles and 
ABA.  Some CCD's have specific binding sites and others are promiscuous. NCED enzymes 
cleave at the 11, 12, (11', 12') double bond of 9 cis-violaxanthin or 9-cis neoxanthin to form 
precursors of ABA (Vallbhaneni et al., 2010). 
 The xanthophyll cycle is the interconversion of zeaxanthin and violaxanthin due to 
changes in interthylakoid pH and the effect of specific cofactors as explained in Fig. 2. 
Violaxanthin de-epoxidase (VDE) is activated by low pH in the interthylakoid membrane and 
requires ascorbate as a cofactor.  Once activated VDE associates with the thylakoid 
membrane (Hager and Holocher, 1994) and removes the epoxygroups in hydroxyl β rings of 
violaxanthin to produce zeaxanthin (Rockholm and Yamamoto, 1996; Wehner et al., 2004).  
Under low light conditions, the interthylakoid pH increases and zeaxanthin epoxidase (ZEP) 
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transforms zeaxanthin into violaxanthin by adding epoxy groups to the end of the hydroxyl 
β-rings (Niyogi, 1999). The de-epoxidation reaction by VDE is faster than the epoxidation 
reaction by ZEP, so the level of zeaxanthin is determined by VDE (Müller et al., 2001). 
 
 
Fig. 2.  The xanthophyll cycle in plants.  Enzymes: violaxanthin de-epoxidase (VDE) and 
zeaxanthin epoxidase (ZEP).  (Modified from McKersie et al., 1996) 
 
There is significant evidence that the flux of carbon through the carotenoid 
biosynthesis pathway determines the amount of carotenoids produced and used in 
photosynthesis (Davison et al., 2002; Demming-Adams and Adams, 2002; Kulheim et al., 
2002; Holt et al., 2005; Welsch et al., 2008; Chaundhary et al., 2010).  The knowledge of 
carotenoid genes and the biosynthesis pathway will be applied in this study to determine the 
effect of carotenoids in the photosynthetic capacity of sorghum. 
What is photosynthesis and what roles do carotenoids have in the process?  
Photosynthesis is the fundamental biochemical process sustaining life in this planet 
and it is the basis of crop productivity.  Therefore, it has been a desirable target trait in 
breeding programs of economically important crops for decades.  However, the complex 
genetic architecture of the trait, the difficulty in evaluating photosynthetic capacity at a large 
VDE ZEP 
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scale, and the inconsistent association between leaf photosynthesis and yield has halted 
breeding efforts invested on this trait.   A poor correlation between leaf level photosynthetic 
rate and grain yield has been reported, though the lack of correlation could be attributed to 
genetic differences between plants for phenotypes other than photosynthesis (Long et al., 
2006).  A positive and significant correlation between photosynthesis and grain yield has 
been reported in crops such as wheat (Triticum aestivum L.) (Evans and Dunstone, 1970; 
Wantabe et al., 1994), rice (Oryza sativa L.) (Chen et al., 2007), and maize (Zea mays L.) 
(Ding et al., 2007).     
Plant biomass as lignocellulosic feedstock for biofuel production has renewed the 
interest on breeding for higher photosynthetic capacity, since there is a more direct 
relationship between C assimilation and biomass accumulation (Long et al., 2006).  In 
sorghum, a highly productive biomass crop with potential to become the preferred bioenergy 
crop, correlations between biomass, grain production, and leaf level photosynthetic rates 
have been reported (Peng et al., 1991).  Another recent study has confirmed that leaf 
photosynthetic rate and transpiration affect biomass production under different water regimes 
(Balota et al., 2008). 
In plants, photosynthesis is the process in which light energy is used to create 
chemical energy.  The equation for photosynthesis includes the factors carbon dioxide, 
Ribulose-1,5-bisphosphate (RuBP), and water which are converted into C6H12O6 and oxygen. 
Two photosystems (PSI and PSII), F-ATPase, and cytb6f are the supercomplexes through 
which electrons flow (Nelson and Yocum, 2006).  Carotenoids are associated with PSI, PSII, 
and cytb6f where they help with light capture and photoprotection.  The movement of 
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electrons through the supercomplexes is known as the photosynthetic electron transport 
chain, summarized in Fig. 3. 
In PSII, a photon of light is absorbed to oxidize two water molecules releasing four 
protons and a single O2 molecule in the lumen, and passing four electrons through the 
electron transport chain (Tiaz and Zeiger, 2006).  Each PSII supercomplex is composed of 20 
proteins which are bound to 35 chlorophylls, 11 carotenoids, 14 lipids, two hemes, one non-
heme diiron, and a Mn4Ca cluster which is required for water oxidation (Shen et al., 2008).  
Some LHC proteins of PSII include: LHCII, LHCb4 (CP29), LHCb5 (CP26), and LHCb6 
(CP24) (Satoh, 1996).  Intrinsic PSII proteins include: PsbA (D1), PsbB (CP47), PsbC 
(CP43), PsbD (D2), PsbE, and PsbF (Vermaas, 1993).  Extrinsic proteins used for oxygen 
evolution include PsbO, PsbP, and PsbQ (Burnap and Sherman, 1991; Seidler, 1996).  Other 
PSII proteins include PsbH-L, N, R, T, W-Z (Nelson and Yocum, 2006).  Carotenoids are 
associated with several of the PSII proteins.  β-carotene (Hankamer et al., 1997) and lutein 
(Bassi et al., 1993; Tefler, 2002) are associated with the core proteins of CP47 and CP43 and 
β-carotene is also involved in the assembly of the D1 and D2 polypetides (Tracewell et al., 
2001; Tefler, 2005). 
Cytb6f oxidizes plastohydroquinone molecules that were reduced in PSII to transfer 
energy to PSI in a process called the Q cycle (Tiaz and Zeiger, 2006).  A β-carotene molecule 
is required for every one to two chlorophyll molecules to protect the cytb6f subunit; however, 
the function of the carotenoid in the complex is unknown (Zhang et al., 1999, Tiaz and 
Zeiger, 2006). 
Electrons are transferred from cytb6f  to plastocyanin and eventually to PSI where 
they have a low energy state.  Light is absorbed at the PSI reaction center re-energizing the 
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electrons eventually leading to the reduction of NADP+ to NADPH in the stroma by 
ferredoxin and ferredoxin-NADP reductase (Zhang et al., 1999).  NADPH is a reducing 
equivalent which is later used in the Calvin cycle for the production of two C3H6O3 
molecules (Tiaz and Zeiger, 2006).  PSI is composed of 12 proteins bound to 96 
chlorophylls, 22 carotenoids, and many other structures (Wang et al., 2004; Fromme and 
Grotjohann, 2008).  PSI LHC proteins include PsbA and PsbL.  The chlorophyll binding 
proteins include: LHCa1, LHCa2, LHCa3, and LHCa4 (Scheller et al., 2001; Ben-Shem et 
al., 2003; Jensen et al., 2003).  Proteins that are used to structure PSI include PsaN and PsaO 
(Jensen et al., 2003; Knoetzel et al., 2003; Jensen et al., 2004).    
 
Fig. 3  The photosynthetic electron transport chain from Swindell, 2003. 
  
 Carotenoids play a dual role in light harvesting and photoprotection.  In green tissues, 
carotenoids absorb light at different wavelengths than chlorophyll expanding the range of 
light capture for photosynthesis (Bartley and Scolnik, 1995; Wang et al., 2004).  Specifically, 
carotenoids absorb light at wavelengths from 450 to 550 nm and chlorophyll absorb light 
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from 650 to 750 nm (Cogdell, 1985).  Under low light conditions, almost all photons of light 
are absorbed and used for photosynthesis (Ruban et al., 1999; Bode et al., 2009).  When light 
levels increase, carotenoids play a more photoprotective role.  Bode et al. (2009) 
demonstrated that under low light conditions the coupling of carotenoids with chlorophyll is 
lower than under high light, and this dynamic mechanism of coupling and uncoupling allows 
carotenoids to play either photosynthetic or photoprotective roles depending on ambient 
conditions. 
The conjugated double bonds in carotenoids are the chemical structures responsible 
for light capture and photoprotection.  When carotenoids and chlorophylls capture light they 
become excited, and the energy from the excited chlorophyll will passed down an energy 
gradient to the plant reaction centers.  The excited states of carotenoids are higher than that 
of chlorophyll allowing carotenoids to capture light and pass the energy down to chlorophyll 
which is later transferred to the PSII and PSI reaction centers.  Carotenoid triplet energy 
states are lower than those of chlorophylls and this confers specific photoprotective 
properties described below (Frank et al., 1991).  Carotenoids must be in close proximity to 
chlorophyll to transfer energy due to a short relaxation period between energy states 
(Cogdell, 1985).  The distance between carotenoids and chlorophylls is approximately 3.6 
Angstrom in a van der Waals bond (Frank et al., 1991). 
Since carotenoids are part of LHC’s and reaction centers and are involved in light 
capture, we hypothesize that variation in photosynthetic rates is caused, at least partly, by 
variation in carotenoid concentrations in leaf tissue.  The amount of carotenoids is 
determined by the activity of specific enzymes involved in their synthesis and degradation 
and the genes encoding those enzymes have been identified in sorghum. Therefore, our 
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hypothesis will be tested by establishing the level of association between carotenoid 
candidate genes and photosynthetic rates by LD mapping. 
What is LD mapping? 
LD mapping is a method used to identify the level of association between markers 
physically linked to causal polymorphisms and specific phenotypes (Flint-Garcia et al., 
2003).  LD is the non-random association of alleles at separate loci (Mackay and Powell, 
2006).  Different population types and sizes, recombination rates, mutations and drift can 
affect LD (Flint-Garcia et al., 2003; Abdurakhmonov and Abdukarimov, 2008).  In general, 
self-pollinated crops like sorghum have slower decay of LD than outcrossing crops due to 
differences in recombination levels (Nordborg, 2000; Gaut and Long, 2003; Zhu et al., 2008).  
In sorghum, LD decays over 15 kb on average (Hamblin et al., 2004) which can make it 
difficult to identify a single gene and/or causal polymorphism associated with a trait.  
Compared with linkage mapping or quantitative trait locus studies, LD mapping can 
lead to increased mapping resolution, reduced research time in forming populations, and 
greater allele numbers evaluated (Yu and Buckler, 2006).  Thornsberry et al. (2001), 
introduced this concept from human studies and applied it to plants.  Since then, it has been 
successfully used in several species (Aranzana et al., 2005; Breseghello and Sorrells, 2006; 
Rostoks et al., 2006; Yu and Buckler, 2006; Malosetti et al., 2007; Murray et al., 2009). 
 There are two different approaches in LD mapping, genome wide and candidate gene-
based.  Genome wide LD mapping uses allelic variation throughout the genome to identify 
quantitative trait loci of interest.  Candidate gene LD mapping requires prior information on 
potential genes responsible for a phenotype to test for associations between them.  Since 
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candidate genes in the carotenoid biosynthesis and degradation pathways have been 
previously identified (Salas Fernandez, 2008), the candidate gene approach will be used in 
this study.   
  In plants, a unified mixed-model analysis has been developed to correct for spurious 
associations (Yu et al., 2006).  These spurious associations can be caused by population 
structure (Pritchard et al, 2000; Thornsberry et al., 2001; Zhu et al., 2008) and familial 
relatedness (Lynch and Ritland, 1999).  Population structure is the presence of mating 
subgroups within a population that can lead to differences in alleles and allele frequencies 
between the subgroups (Ochieng et al., 2007).  Kinship refers to genetic relatedness of 
individuals by familial descent (Zhu et al., 2008).  In sorghum, LD mapping projects have 
been successfully implemented to investigate multiple traits of interest (Casa et al., 2008; 
Salas Fernandez, 2008; Murray et al., 2009; Bhosale et al., 2012).     
Is it possible to associate carotenoid candidate genes with photosynthetic 
mechanisms in sorghum? 
 A "carotenoid diversity panel" consisting of 86 yellow and white sorghum endosperm 
lines has been assembled and characterized (Salas Fernandez, 2008).  In 2008, Salas 
Fernandez used this panel to identify associations between carotenoid levels in sorghum 
endosperms and carotenoid candidate genes.  In this study, the same panel will be used to 
answer the following questions. 
 1. What are the optimal experimental conditions to obtain repeatable phenotypic
 data? 
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 2. Is there phenotypic variation for photosynthetic capacity? 
 3. Are there associations between allelic variants in carotenoid candidate genes and
 photosynthetic capacity? 
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CHAPTER 2. IDENTIFICATION OF EXPERIMENTAL CONDITIONS 
AFFECTING LEAF PHOTOSYNTHETIC RATES IN SORGHUM 
Introduction 
 Leaf level C assimilation rates (A) can be affected by resource availability and 
environmental conditions.  Considering these complex interactions and the need to evaluate a 
large number of sorghum lines for LD mapping experiments, the following factors were 
characterized in this study in an attempt to identify optimal experimental conditions to reduce 
undesirable (non-genetic) variability in photosynthetic rates: a) leaf section, b) day of 
measurement, c) experimental light (PAR) level, and d) experimental CO2 level.   
 C4 photosynthesis is known for its CO2 concentrating mechanism which allows for 
photosynthesis to be more efficient under high temperatures and stress conditions 
(Ghannoum, 2009). Sorghum is a C4 plant of the NADP-malic enzyme subtype (Kiirats et al., 
2010) and mature, fully-expanded sorghum leaves under high light conditions use C4 
photosynthesis; however, young sorghum leaves that are still in the whorl use C3 
photosynthesis (Cousins et al., 2003).  The change from C3 to C4 photosynthesis (Langdale et 
al., 1988a, b, 1989; Nelson and Dengler, 1992) and the differences in gene expression 
between the two photosynthetic mechanisms have been well documented (Sheen, 1999).  
Additionally, different cell types are developed as plants change from C3 photosynthesis to 
the Kranz anatomy of C4 photosynthesis (Cousins et al., 2003).  Considering that in our 
experimental approach we will measure A in a small portion of a leaf and not on a complete 
leaf, we hypothesize that the leaf section under evaluation and the day of measurement will 
significantly affect A.  
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 The photosynthetic machinery reacts to varying light, photosynthetically active 
radiation (PAR) levels (Bukhov, 2004).  Plants utilize all light (PAR) (400-700 nm) for 
photosynthesis under low levels; however, PAR levels can exceed the amount needed to 
saturate photosynthesis.  PAR saturation levels are determined by the Rubisco catalyzed 
RuBP carboxylation, RuBP regeneration, and triose phosphate utilization (von Caemmer, 
2000; Zhu et al., 2010).  Different species have varying PAR saturation levels which can be 
determined by light response curves.  Growth chamber light conditions can be below the 
PAR saturation point as determined by light response curves.  Therefore, we hypothesize that 
measuring A under non-saturating (ambient) vs. saturating PAR conditions in the LI-COR 
leaf chamber will affect the variation in A.  Light response curves were determined in this 
study as well as the effects of different PAR levels on photosynthesis.  
The level of greenhouse gases, including CO2, has been rising in the atmosphere.  
Several studies have documented increased A, decreased stomatal conductance (gs), and 
increased water use efficiency when plants are grown under high ambient CO2 conditions 
(Poorter et al., 1996; Wand et al., 1999; Ziska et al., 1999; Ottman et al., 2001; Wall et al., 
2001; Cousins et al., 2003).  An important factor for gas exchange is gs because A is partially 
controlled by stomatal opening and closure.  At very high CO2 concentrations however, the 
dependence of photosynthetic rate on gs can be bypassed.  We hypothesize that differences in 
CO2 levels will cause variation in photosynthetic rates. 
 A series of experiments were conducted to test the hypotheses mentioned above and 
evaluate the effect of different leaf sections, days of measurement, experimental light (PAR) 
levels and experimental CO2 levels on A in sorghum. 
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Materials and Methods 
Leaf section and day of measurement trial 
 Three plants of sorghum accessions PI533814 and PI656047 were germinated in the 
greenhouse and transferred to a growth chamber 52 days after planting at the five to six leaf 
stage.  Plants were arranged in a completely randomized design (CRD).  Greenhouse 
conditions included 12 hours of light (PAR) and 12 hours of darkness and day and night 
temperatures of 28 C and 24 C, respectively.  Growth chamber light (PAR) intensity was 
gradually increased to imitate rising sun in the field from 500 to 1300 µmol photons m-2 s-1 
over three hours.  Growth chamber day and night temperatures were 28 C and 24 C, 
respectively. 
 Gas exchange measurements were taken 58 days after planting in the seven to eight 
leaf stage with a LI-COR 6400XT portable open-path infra-red gas analyzer (LI-COR, 
Linclon, NE).  A 6400-01 CO2 mixer was used to maintain a constant level of CO2 and the 
leaf temperature was set at 28 C.  Measurements were taken on the uppermost fully 
expanded leaf in two sections: one half and two thirds from the collar of the leaf.  Three 
replicate measurements were taken in each leaf section, and the experiment was repeated 
after two days on the same leaf to evaluate the day of measurement effect on A. 
 Statistical analysis of A was performed by ANOVA using PROC MIXED in SAS 
(SAS Institute Inc, 2009).  The model when analyzing days together included the random 
factors of genotype (G), day of measurement (D), the interaction of genotype and day of 
measurement (G × D), plant nested within genotype (P(G)), leaf section nested within plant 
(S(P)), day of measurement and leaf section interaction (D × S(P)) and replication nested 
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within leaf section (rep(S)).  When A was analyzed for each day individually, the random 
factors included: genotype (G), plant nested within genotype (P(G)), leaf section nested 
within plant (S(P)), and replication nested within leaf section (rep(S)). 
Light response (PAR) curves 
Light (PAR) response curves were determined on three plants of the commercial 
hybrid Garst 760BMR.  Seeds were germinated in a germination chamber and seedlings were 
transplanted into pots in the greenhouse ten days later.  Greenhouse light (PAR) settings were 
12 hours of light (PAR) and 12 hours of darkness and day and night temperatures of 29 ˚C 
and 24 ˚C, respectively.   Thirty days later, plants were transferred to a growth chamber with 
12 hours of radiation and 12 hours of darkness.  Light (PAR) levels were increased gradually 
to simulate rising radiation levels in the morning from 700 to1300 µmol photons m-2 s-1.   
Gas exchange measurements were taken with a LI-COR 6400XT 66 days after 
planting on the eighth leaf at two thirds from the collar of the leaf.  A CO2 level of 360 µmol 
CO2 mol-3 and a flow rate of 300 µmol s-3 were used.  Light (PAR) levels evaluated were 
1600, 2000, 2500, 2000, 1600, 800, 400, 200, and 0 µmol photons m-2 s-1 in that order.  Light  
response curves were constructed by plotting A against each PAR level.  The PAR saturation 
point is the PAR level after which there is no further significant increase in A and the light 
(PAR) compensation point is the PAR level at which A is zero. 
Response to light (PAR) level 
 Seeds of the commercial hybrid Garst 760BMR were germinated and grown as 
described above.  Seven plants were transferred to a growth chamber and gas exchange 
measurements taken with a LI-COR 6400XT 57 days after planting on the eighth leaf.  A 
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CO2 level of 400 CO2 µmol s-3 with a flow rate of 300 µmol s-3 and a leaf temperature of 28 
˚C were used.  Leaf A measurements were taken on the middle of the uppermost fully 
expanded leaf using ambient light (PAR) conditions, 1300 µmol photons m-2 s-1, and 
saturating light (PAR) conditions, 1600 µmol photons m-2 s-1, in the LI-COR chamber.  Data 
was collected in blocks with all saturated measurements taken first followed by 
measurements at ambient light (PAR) conditions.  Three replicates were taken for each 
measurement to determine if the machine was functioning properly.  The experiment was 
repeated on the same leaf two days later to evaluate the day of measurement effect on A.  
Analysis of variance was performed using PROC MIXED in SAS.  The model 
included the light (PAR) level (L) as a fixed effect and the following sources of variation as 
random effects: day of measurement (D), light (PAR) level by day of measurement 
interaction (L × D), plant (P), day of measurement by plant interaction (D × P), light (PAR) 
level by plant interaction (L × P), the three way interaction between day of measurement, 
light (PAR) level, and plant (D × L × P), and replication nested in plant (rep(P)).  A was also 
analyzed in each day individually using a model that included the fixed effect light (PAR) 
level (L), and the following random effects: plant (P), light (PAR) level by plant interaction 
(L × P), and replication nested within plant (rep(P)).   
Response to CO2 level 
 Five sorghum lines (accessions PI563455, PI569710, PI586046, NSIL54187, and 
NSL51249) were germinated in a germination chamber.  Nine days later, four seeds from 
each accession were transplanted into pots in the greenhouse and grown with 12 hours of 
light and 12 hours of darkness.  Day and night temperatures were 28 ˚C and 24 ˚C, 
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respectively.  Twenty nine days later at the three to four leaf stage, one plant from each 
accession was moved to a growth chamber and grown under light PAR levels that were set to 
simulate rising radiation in the morning and increased from 700 to 1300 µmol m-2 s-1.  
Gas exchange measurements were taken with a LI-COR 6400XT 30 days after 
planting at the five to six leaf stage.  LI-COR conditions included a CO2 flow rate of 300 
µmol s-3, leaf temperature of 28 ˚C, and a radiation level in the LI-COR chamber of 1300 
µmol photons m-2 s-1 which is the ambient level in the light (PAR) response curves.  A values 
were determined for two CO2 levels in the LI-COR chamber: 400 µmol s-3 or near ambient 
conditions and 2000 µmol s-3or saturating conditions.  Three replications were taken for each 
measurement to test if the machine was functioning properly in the middle of the uppermost 
fully expanded leaf as determined in the leaf section and day of measurement trial. 
 Analysis of variance for A was performed in PROC MIXED in SAS in which the 
model included the fixed effect of CO2 level (CO2) and the random effects of genotype (G), 
the interaction between genotype and CO2 level (G × CO2), and replication nested within 
genotype (rep(G)). 
Results 
Leaf section and day of measurement 
The day of measurement (D) was not a significant source of variation of A (Table 1), 
although its interactions with genotype (D × G) and leaf section (D × S(P)) were statistically 
significant (Fig. 4).  The leaf section (S(P)) had a significant impact on the phenotype when 
days were analyzed separately.  However, when days were analyzed together leaf section 
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(S(P)) was not significant but its interaction with the day of measurement was a significant 
source of variation (Table 1).  Average A values were slightly higher at the section of two 
thirds (34.6 µmol CO2 m-2 s-1) than one half (33.4 µmol CO2 m-2 s-1) from the leaf collar.  
Replication was not a significant effect in any of the models confirming that the LI-COR 
equipment was functioning properly and reliably (Table 1).   
 
Table 1. ANOVA significance levels for A with the following random sources of variation: 
day of measurement (D), genotype (G), plant (P), leaf section (S), and replication (rep). 
Effect Combined days Effect Day1 Day2 
G   0.5837 G   0.1406   0.8058 
D   0.9685 P(G) <0.0001 <0.0001 
G × D <0.0001 S(P) <0.0001   0.0002 
P(G) <0.0001 rep(S)   1.0000   0.9874 
S(P)   0.2130   
  D × S(P)   0.0001   
  rep(S)   0.9995   
   
 
 
 
 
 
 
Fig. 4: Interaction between of day of measurement and genotype while analyzing 
photosynthetic rate (A) (µmol CO2 m-2 s-1).  Genotype is an average value of three replicate 
measurements taken on three separate plants   
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Light (PAR) response curves 
  Even though small deviations for saturating light (PAR) levels were observed 
between individual plants, all of them reached a plateau in A at approximately 1600 µmol 
photons m-2 s-1 (Fig. 5).  The light (PAR) compensation point was 200 µmol photons m-2 s-1.  
Similar light (PAR) response curves were obtained for 13 genotypes of sorghum grown in the 
greenhouse to test if the saturating light (PAR) level was genotype dependent.  In all cases, 
saturating radiation levels were approximately 1600 µmol CO2 m-2 s-1 (Fig. 6).  
 
Fig. 5.  Light (PAR) response curves for three Garst 760BMR plants grown in the growth 
chamber.  
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 Fig. 6.  Light (PAR) response curves for 13 sorghum accessions grown in the greenhouse.  
Measurements from two plants were averaged for each accession.  The light (PAR) levels 
analyzed were 400, 800, 1200, 1600, and 2000 µmol photons m-2 s-1. 
 
Response to light (PAR) level 
   The saturating versus non-saturating levels of light (PAR) in the LI-COR chamber 
had a significant effect on A whether days of measurement were combined for the analysis or 
analyzed individually (Table 2).  The main effects of plant and day were nonsignificant.  The 
interactions between radiation level and plant (L × P) (Fig. 7) and the three way interaction 
between light (PAR) level, plant, and day of measurement (L × D × P) were significant when 
days of meaasurement were analyzed separately and together, respectively.  The source of 
variation rep (P) was nonsignificant confirming again that the LI-COR 6400XT was working 
properly.  Photosynthetic rates were higher when light (PAR) conditions in the LI-COR 
chamber were set as ambient (average A = 39.2 µmol CO2 m-2 s-1) compared to saturating 
light (PAR) conditions (32 µmol CO2 m-2 s-1) (Fig. 7).  
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Table 2. ANOVA significance levels for A with the random sources of variation: day of 
measurement (D), light (PAR) level (L), plant (P), and replications (rep) per plant.   
Effect Combined days Effect Day 1 Day2 
L   0.0024 L    0.0002   0.0014 
D     0.7341 P   0.0139   0.1725 
L × D   0.5278 L × P <0.0001 <0.0001 
P   0.5115 rep(P)   0.757   0.2625 
L × P   0.0753 
   D × P   0.7884 
   D × P × L <0.0001 
   rep(P)   0.3792 
   
 
 
Fig. 7.  Interaction between plant and light (PAR) level when analyzing photosynthetic rate 
(A) for seven plants of the same genotype.  Light (PAR) levels were set as ambient (1300 
µmol photons m-2 s-1) and saturating (1600 µmol photons m-2 s-1).  Three replicates were 
taken for each plant and averaged values are seen above.  Measurements were taken on two 
separate days with A) day one and B) day two. 
 
Response to CO2 level 
 The main effects, CO2 and G, were nonsignificant in this study; however, the 
interaction G × CO2 was significant (Table 3, Fig 8) demonstrating that genoytpes responded 
differently to varying CO2 levels.  Three of the five genotypes responded positively and two 
negatively to the additional CO2 concentrations (Fig. 8).   
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Table 3.  ANOVA significance levels for A with the random sources of variation: genotype 
(G), CO2 level (CO2), and replication (rep).  
Effect P 
CO2   0.6123 
G   0.6567 
G × CO2 <0.0001 
rep(G)   1.0000 
 
 
 
Fig. 8.  Interaction between genotype and CO2 level when analyzing photosynthetic rate data 
for five sorghum accessions.  Measurements are averaged values of three replicates.  
  
Discussion 
 The objective of this study was to identify the experimental conditions affecting the 
repeatability of leaf photosynthetic rates and therefore the non-genetic sources of variation 
that must be controlled or accounted for.  Leaf section and experimental light (PAR) levels in 
the LI-COR chamber were significant sources of variation per se and therefore must be 
controlled and considered in the experimental design.  Even though the day of measurement 
and CO2 level in the LI-COR chamber did not significantly affect A as main effects, their 
interactions with other sources of variation were significant.  Their interaction with 
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genotypes was particularly important.  LD mapping experiments are based on the evaluation 
of multiple diverse genotypes and therefore their interaction with any experimental effect 
should be minimized.   
 Higher A values were obtained when a leaf section further from the base was selected 
for measurements (two thirds versus one half).  We can only speculate that these differences 
could be attributed to more stable C4 photosynthetic rates in the extreme of the leaf blade as 
leaves evolve from C3 to C4 mechanisms (Cousins et al., 2003).  Furthermore, differences in 
cell density, chloroplast number in different parts of the leaf, and non-homogenous gs could 
be causing the differences in A.  Based on these results, the leaf section capturing most of the 
radiation located close to the tip will be used for photosynthetic rates measurements in 
subsequent experiments.   
 The day of measurement did not have a significant effect on A.  Even though the 
difference in days evaluated in this study was small (two days), it could be an important 
factor in LD mapping experiments in which measurements must be taken over multiple days 
in incomplete block designs due to the large population sizes.  Since the interaction between 
day and genotypes was significant, seeds will be germinated in chambers to obtain uniform 
germination rates in future experiments and if measurements need to be taken over multiple 
days, the day of measurement will be included as a covariate in the statistical model. 
  Lower A values were obtained at near saturating light (PAR) intensity (1600 µmol 
photons m-2 s-1) than at the ambient light (PAR) level (1300 µmol photons m-2 s-1) in the LI-
COR chamber.  Increasing the light (PAR) level in the LI-COR chamber to saturating 
conditions might have stressed the plant and temporarily caused the closure of the 
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photosynthetic reaction centers which would temporarily decrease A.  When reaction centers 
close, less light (PAR) may be absorbed and used for photochemistry in the plant leading to 
an overall decrease in A.  Based on these results and the fact that radiation level was a 
significant source of variation of A, ambient radiation levels will be set in the LI-COR 
chamber in subsequent experiments.  
 In this study, similar A values were obtained under ambient (400 µmol s-3) and 
saturating CO2 levels (2000 µmol s-3).  However, in the free-air CO2 enrichment (FACE) 
studies on sorghum, increases in A and decreases in gs were reported when CO2 levels of 600 
µmol s-3 were used (Cousins et al., 2003).  Saturating CO2 levels used in this study to bypass 
the effect of stomatal conductance on A were three times higher than the concentration used 
in the FACE experiments; however, A rates did not increase.  Since CO2 levels interacted 
with genotypes, ambient CO2 conditions will be set in the LI-COR chamber in subsequent 
experiments. 
 Results from this study confirmed the complexity of the phenotype under evaluation 
and proved that multiple experimental conditions must be controlled in an LD mapping 
study.  Several of those conditions were identified and will be considered for the 
experimental design and proper statistical analysis in LD mapping studies.  Additional 
environmental conditions will be used as covariates in subsequent experiments under field 
conditions.  
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CHAPTER 3. LINKAGE DISEQUILIBRIUM MAPPING OF 
CAROTENOID CANDIDATE GENES WITH PHOTOSYNTHESIS AND 
EFFECTIVE QUANTUM YIELD IN SORGHUM 
Introduction 
 Carotenoids are accessory pigments that play specific roles in different tissues.  In 
sorghum, carotenoids accumulating in the endosperm of the caryopsis are responsible for the 
yellow pigmentation that seems to have no biological function, but confers nutritional value 
for humans (Bartley and Scolnik, 1995; Kean et al., 2007).  Previous research confirmed that 
several carotenoid candidate genes (Crtiso, Lcyb, Lcye, and Nced3) were associated with 
varying carotenoid levels in sorghum endosperm (Salas Fernandez, 2008).  In leaves, 
carotenoids play roles in light capture for photosynthesis (Demming-Adams and Adams, 
1996; Cerullo et al., 2002), but the association of carotenoid candidate genes with this 
important physiological mechanism has not been investigated in sorghum. 
 The four most-abundant carotenoids in leaves are lutein, β-carotene, zeaxanthin, and 
violaxanthin.  β-carotene is found in components of Photosystem I (PSI) and Photosystem II 
(PSII) complexes where they capture light or photosynthetically active radiation (PAR) 
(Tefler, 2002; Wang et al., 2004; Tefler 2005).  Violaxanthin and zeaxanthin are part of the 
light-harvesting complexes (LHC) where they bind to four carotenoid binding proteins, L1, 
L2, V1, and N1.  These binding sites play a large role in photoprotection and smaller roles in 
light capture and protein folding (Cogdell, 1985; Ruban et al., 1999; Crimi et al., 2001; 
Formaggio et al., 2001; Moya et al., 2001; Dall’Osto et al., 2006). 
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 Leaf photosynthetic mechanisms can be characterized by multiple parameters.  Gas 
exchange measurements are used to quantify leaf photosynthetic rates (A).  Photochemical 
quenching (qP) represents the proportion of reaction centers that are open for 
photochemistry, and it is highest under low-radiation conditions.  Effective quantum yield 
(ΦPSII) indicates the proportion of light absorbed by chlorophyll that is used for 
photochemistry (Maxwell and Johnson, 2000).  Both ΦPSII and qP are calculated with the 
light-adapted chlorophyll fluorescence parameters Fo’, Fm’, and Fs, which are the minimum, 
maximum, and chlorophyll steady-state fluorescence values, respectively, and are expressed 
as proportions (no units), and thus, range from zero to one. 
Phenotypic variation for A has been investigated on small sets of sorghum germplasm 
(Kidambi et al., 1990; Balota et al., 2008) but ΦPSII and qP have not been evaluated.  
Kidambi et al., (1990) found a strong correlation between A and stomatal conductance (gs) 
under different water regimes on a panel of 30 sorghum lines under field conditions.  Balota 
et al., (2008) evaluated 26 lines of sorghum in the field for A, transpiration, and the ratio 
between A and transpiration to evaluate overall water use efficiency of sorghum lines.  
Genetic diversity was found for A in both studies.  Balota et al., (2008) concluded that A was 
a potential selection criterion for a biomass breeding program.   
Carotenoid biosynthesis and degradation pathways have been elucidated in many 
crops, and candidate genes for the pathway have been identified (Hirshberg, 2001; 
DellaPenna and Pogson, 2006).  The first and rate-limiting step of the pathway is catalyzed 
by the phytoene synthase (PSY) family of enzymes encoded by three genes, Psy1, Psy2, and 
Psy3.  Phytoene synthases condense two geranylgeranyl diphosphate molecules to form 15-
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cis-phytoene.  PSY1 is accumulated in leaf, embryo, and endosperm tissues (Gallagher et al., 
2004) and is the most abundant transcript produced in dark-adapted leaves (Li et al., 2009).  
Psy2 is expressed in all leaf tissues (Gallagher et al., 2004), and transcripts increase with 
increasing radiation (Li et al., 2008b).  Expression of Psy3 in the embryo and roots 
(Gallagher et al., 2004) has been associated with abiotic stress responses (Li et al., 2008a, b; 
Welsch et al., 2008). 
 Phytoene desaturase (PDS) catalyzes two desaturation reactions to form 9-9’-di-cis-ζ-
carotene (Wong et al., 2004; Breitenbach and Sandmann, 2005) and is associated with the 
vp5 mutant in maize (Li et al., 1996).  A 15-cis-ζ-carotene isomerase (Z-ISO) isomerizes one 
double bond of the PDS product (Li et al., 2007; Chen et al., 2010), generating the substrate 
for ζ-carotene desaturase (ZDS).  ZDS, associated with the maize (Zea mays L.) vp9 mutant 
(Wong et al., 2004), adds two double bonds to 9-9’-di-cis-ζ-carotene.  Carotenoid isomerase 
(CRTISO) converts all four cis bonds into trans synthesizing all-trans-lycopene.  This 
isomeration can occur concomitantly or after the desaturation by ZDS (Isaacson et al., 2002).  
CRTISO was cloned from the tangerine mutant in tomato (Lycopersicm esculentum (L.) 
Mill.) (Isaacson et al., 2002) and ccr mutant in Arabidopsis (Arabidopsis thaliana L.) (Park 
et al., 2002).  In bacteria, a single phytoene desaturase encoded by CrtI has the same catalytic 
function as Pds, Z-iso, Zds, and Crtiso (Linden et al., 1991). 
  The carotenoid biosynthesis pathway bifurcates after all-trans-lycopene is 
synthesized.  One branch leads to carotenoids with β,β rings, and carotenoids with β,ε rings 
are produced in the other branch.  The enzyme lycopene β-cyclase (LCYB) adds β rings to 
all-trans-lycopene.  In most species, only one copy of Lcyb is present. A second copy of the 
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gene however has been found in tomato (DellaPenna and Pogson, 2006).  Some β,β 
carotenoids include β-carotene, zeaxanthin, and violaxanthin.  The enzyme lycopene ε-
cyclase (LCYE) adds ε rings to all-trans-lycopene to form α-carotene.  In most plants, 
carotenoids have only one ε ring; however, lettuce (Lactuca sativa Authority) is an exception 
because it produces carotenoids with ε,ε rings (Cunningham and Gantt, 2001).  In maize, a 
single copy of Lcye is present and has been associated with the amount of carotenoids in 
grain endosperm, β-carotene, and β-cryptoxanthin production (Harjes et al., 2008). 
β and ε hydroxylases add hydroxyl groups to β and ε rings, respectively (Tian and 
DellaPenna, 2004; Kim and DellaPenna, 2006).  In maize, six paralogs of nonheme diiron β 
hydroxylases (β-OH), Hyd1, Hyd2, Hyd3, Hyd4, Hyd5, and Hyd6, have been identified, but 
two of them were predicted to be pseudogenes (Vallabhaneni et al., 2009).  Rice (Oryza 
sativa L.) has three β-OH genes with homology to the four functional maize genes 
(Vallabhaneni et al., 2009).  Sorghum has only two copies, Hyd1 and Hyd2, with homology 
to Hyd6 and Hyd4 in maize, respectively (Vallabhaneni et al., 2009).  The other class of 
hydroxylases is the cytochrome P450 monooxygenases (Quinlan et al., 2007).  In 
Arabidopsis, the enzyme CYP97C2 confers functionality of ε-OH, where the CYP97A class 
in rice has this function (Quinlan et al., 2007).  Tian et al. (2006) identified a single copy ε 
hydroxylase (ε-OH) in Arabidopsis (Crtre) that is a member of the cytochrome P450 
monooxygenase class.    
Carotenoid cleavage dioxygenases (CCD’s) and 9-cis carotenoid cleavage 
dioxygenases (NCED’s) catalyze the oxidative cleavage of carotenoids into ABA, 
phytohormones, and volatiles (Auldridge et al., 2006; Cuttriss et al., 2011).  The first 
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cleavage enzyme was cloned from the vp14 mutant in maize (Schwartz et al., 1997).  Nine 
paralogs have been identified in Arabidopsis (Auldridge et al., 2006) and eleven in maize 
(Nced1, Nced2, Nced3a, Nced3b, Nced9, Ccd1, Ccd4a, Ccd4b, Ccd7, Ccd8a, and Ccd8b).  In 
rice, eleven genes encoding dioxygenases have been reported, whereas 13 genes have been 
identified in sorghum based on sequence homology (Nced2, Nced3a, Nced3b, Nced9, Ccd1, 
Ccd4a, Ccd7, Ccd8a, Ccd8b, Ccd8c, Ccd8d, Ccd8c(like), and Ccd8d(like)) (Vallabhaneni et 
al., 2010). 
  Considering that carotenoids are involved in photosynthetic mechanisms, we 
hypothesize that allelic variation in carotenoid candidate genes will be associated with the 
phenotypic variation in A, ΦPSII, and qP observed in a diverse sorghum germplasm set.  The 
objective of this study was to determine the phenotypic variation for A, ΦPSII, and qP under 
growth chamber and field conditions.  Linkage disequilibrium (LD) mapping then was used 
to test for associations between carotenoid candidate genes and A, ΦPSII, and qP.    
Materials and Methods 
Germplasm and candidate genes 
The “carotenoid diversity panel” (Appendix) (Salas Fernandez, 2008) consisting of 
86 sorghum accessions was evaluated in two experiments.  These genetically diverse lines 
have different geographic origins, and originally were selected based on variation for 
carotenoid content in the grain endosperm (Salas Fernandez, 2008).  Allelic variation in 
carotenoid candidate genes was scored using  single nucleotide polymorphisms (SNP’s) and 
microsattelites (SSR’s) as follows: Psy1 (1 SNP and 1SSR), Psy3 (1 SSR), Pds (1 SNP), Zds 
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(3 SNP’s), Crtiso (5 SNP’s), Lcyb (1 SNP), Lcye (4 SNP’s), Hyd1 (4 SNP’s), Hyd2 (4 
SNP’s), Crtre (5 SNP’s), Ccd1 (5 SNP’s), and Nced3 (3 SNP’s) (Salas Fernandez, 2008).   
Growing environments 
 The “carotenoid diversity panel” was evaluated under controlled conditions (growth 
chambers) and under field conditions. 
Ten seeds of each sorghum accession from the “carotenoid diversity panel” were 
germinated in a germination chamber with 16 hours of photoperiod, and day and night 
temperatures of 30 ˚C and 20 ˚C, respectively.   Nine days later, accessions were transplanted 
into pots in the greenhouse and grown under 12 hours of light and 12 hours of darkness with 
day and night temperatures of 28 ˚C and 24 ˚C, respectively.   
Thirty days later, two plants from each accession were transferred to two growth 
chambers and arranged in a randomized complete block design (RCBD) (plants blocked by 
growth chamber).  Plants were acclimated from low light (PAR) in the greenhouse (500 µmol 
photons m-2 s-1) to high light (PAR) (1300 µmol photons m-2 s-1) in the growth chamber over 
seven days.  Light (PAR) levels in the growth chamber were gradually increased to imitate 
diurnal changes in radiation levels from 700 to 1300 µmol photons m-2 s-1.  Growth chambers 
were set for 12 hours of ligh and 12 hours of darkness with day and night temperatures of 28 
C and 24 C, respectively.  Relative humidity was not controlled in the growth chambers.  
 On May 31, 2011, the “carotenoid diversity panel” was planted in a RCBD with two 
replications in a field near Ames, Iowa.  Data for ambient light (PAR) level, air temperature, 
41 
 
relative humidity, and wind speed were recorded hourly at the weather station of the 
Agricultural Engineering and Agronomy Farm, Iowa State University.  
Gas exchange and fluorescence measurements 
 Gas exchange and fluorescence measurements were taken in the growth chamber and 
field using a LI-COR 6400XT portable open-path infra-red gas analyzer (LI-COR, Lincoln, 
NE) on the most recently expanded leaf in a section two thirds from the collar as determined 
in a preliminary study (see chapter 2).  In both environments, data was collected using a CO2 
concentration of 400 µmol CO2 m-3 and a flow rate of 300 µmol s-3 in the LI-COR chamber.  
The fluorescence phenotypes ΦPSII and qP were taken with a modulating radiation of five, 
saturating radiation of ten, and a rectangular flash for both experiments. 
Phenotypic data in the growth chamber were taken from 0900 to 1900 hours over 
three days.  The LI-COR leaf chamber settings included a leaf temperature of 28 ˚C and 
radiation level of 1300 µmol photons m-2 s-1.  Phenotypic data in the field was collected in 
August during anthesis, between the hours of 1000 and 1600 hours.  LI-COR chamber 
conditions included a leaf temperature of 30 ˚C and a radiation level of 1900 µmol photons 
m-2 s-1.  Data was recorded for two plants per field replication for each genotype. 
Statistical analysis 
 Statistical analysis for A, ΦPSII, and qP was performed using PROC MIXED in SAS 
(SAS Institute, Cary, NC, USA).  A combined analysis over environments was performed 
with data from the growth chamber experiment and an average value of two plants for each 
replication of the field experiment.  The model included environment (E) as a fixed factor 
and the random effects: genotype (G), the interaction between genotype and environment (G 
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× E), and replication nested within environment (R(E)).  Data was also analyzed individually 
for each environment.  The model for all phenotypes in the growth chamber included 
genotype (G) and replication (R) as random effects, and day of measurement as a covariate.  
The model for field data included the following random sources of variation: genotype (G), 
field replication (R), and the interaction between genotype and field replication (G × R).  The 
environmental covariates included: time of measurement, light (PAR) level, air temperature, 
relative humidity, and wind speed which were analyzed individually. 
All significant sources of variation were retained in the model for LD mapping.  
Associations between carotenoid candidate genes and A, ΦPSII, and qP were tested using a 
generalized linear model (GLM) and a mixed linear model (MLM) as implemented in 
TASSEL (Bradbury et al., 2007).  The GLM model included population structure as a 
covariate (Q matix). Like GLM, the MLM model includes the marker and population 
structure as fixed effects, but also incorporates kinship (K matrix) as a random effect.  The 
kinship matrix is estimated using a coefficient of relatedness between all pairs of lines (Yu et 
al., 2006).  Population structure and kinship had been previously estimated for the 
“carotenoid diversity panel”.  Population structure was calculated using 43 randomly 
distributed SSR’s and STRUCTURE 2.1 (Salas Fernandez, 2008).  Kinship was estimated 
using a set of 192 random SNP’s across the genome according to Loiselle et al. (1995) using 
Spagedi 1-2 (Salas Fernandez, 2008).  Correction for false positives due to multiple 
comparisons was performed by estimating q values based on false discovery rates (Storey 
and Tibshirani, 2003).  Q values were estimated for each phenotype individually and 
thresholds were determined on a trait by trait basis. 
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Results 
Phenotypic variation 
 When phenotypic data from growth chamber and field experiments were analyzed 
together, environment was a significant source of variation for A and qP (Table 4).  The 
effect of random sources of variation G, G × E, and R(E) combined together accounted for 
39%, 51%, and 32% of variation in A, ΦPSII, and qP, respectively.  Therefore, growth 
chamber and field data were analyzed individually to determine the effect of all sources of 
variation with particular attention given to the effect of  genotypes on A, ΦPSII, and qP for 
subsequent LD mapping.  
 
Table 4.  ANOVA significance levels for a combined environment analysis of the response 
variables photosynthetic rate (µmol CO2 m-2 s-1) (“A”), effective quantum yield (ΦPSII), and 
photochemical quenching (qP).  The linear model includes environment (E) as a fixed effect 
and the random effects: genotype (G), the interaction between genotype and environment (G 
× E), and replication nested within environment (R(E)).  
Effect A ΦPSII qP 
E  0.0041   0.1203   0.0537 
G 0.0534   0.2093   0.2343 
G × E 0.0030   0.0723   0.1919 
R(E)  0.0005 <0.0001 <0.0001 
 
 When environments were analyzed individually, genotype affected A, explaining 
29% and 25% of the variation in the growth chamber and field experiment, respectively 
44 
 
(Table 5 and 6).  In the growth chamber, the covariate day of measurement was 
nonsignificant for all traits.  In the field experiment, the covariates, air temperature (p = 
0.0159) and relative humidity (p = 0.0385), were significant effects; however, since they had 
a correlation of -0.78 (p < 0.0001), only temperature was retained in the model (Table 6).  In 
general, field A values were greater than growth chamber A, an expected result considering 
the higher ambient radiation level and temperature in the field (Appendix, Table 7).  Light 
(PAR) levels differed between growth chambers and field conditions by 650 µmol photons 
m-2 s-1, whereas there was an average temperature difference of 5 C between both 
environments.  Additionally, the difference in plant developmental stage (anthesis vs eight-
leaf stage) between the field and the growth chamber could have contributed to the overall 
difference in A between experiments. 
Genotype also was a significant source of variation for ΦPSII in both environments, 
explaining 11% and 7% of the phenotypic variation in the growth chamber and field 
experiment, respectively.  Temperature affected field ΦPSII and therefore it was retained in 
the model for LD mapping (Table 6).  Genotype did not affect qP in the growth chamber, and 
therefore, the association between candidate genes and this phenotype was not tested. 
However, genotype and temperature were significant sources of variation for qP under field 
conditions, so temperature was retained in the model for LD mapping (Table 6).  Ten percent 
of the phenotypic variation of qP was explained by the genotypic variance.  Phenotypic 
values for ΦPSII and qP were lower in the growth chamber than in the field, which could 
probably be attributed, as explained above for A, to lower light (PAR) levels and temperature 
under controlled conditions (Appendix, Table 7).   
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Table 5. ANOVA for growth chamber analysis including the random effects, genotype (G) 
and replication (R) and the covariate day of measurement when analyzing the phenotypes 
photosynthetic rate (µmol CO2 m-2 s-1) (A), effective quantum yield (ΦPSII), and 
photochemical quenching (qP).  
Effect A ΦPSII qP 
G 0.0053   0.0329   0.0619 
R 0.2676 <0.0001 <0.0001 
Day 0.3593   0.3034   0.0577 
 
 
Table 6. ANOVA for the field experiment analysis including the random effects: genotype 
(G),  replication (R), genotype by replication interaction (G × R), and the covariates 
temperature and  relative humidity when analyzing the phenotypes  photosynthetic rate 
(µmol CO2 m-2 s-1) (A), effective  quantum yield (ΦPSII), and photochemical quenching (qP). 
Effect A ΦPSII qP 
G 0.0001 0.0287 0.0070 
R 0.0507 0.5262 0.4414 
G × R 0.1219 0.9991 0.9842 
Temperature 0.0159 0.0589 0.0306 
 
 
Table 7. Range of variation and average values for photosynthetic rate (A), effective 
quantum yield (ΦPSII), and photochemical quenching (qP) under growth chamber and field 
conditions.   
Trait Growth chamber Field 
  Range Average Range Average 
A  11.7-42.5 28.7 28.9-52.9 43.9 (µmol CO2 m-2 s-1)                                
ФPSII 0.101-0.349 0.253 0.190-0.411 0.333 
qP 0.190-0.670 0.494 0.426-0.735 0.650 
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LD mapping results 
 Ten markers in three carotenoid candidate genes were associated with A and ΦPSII 
(Table 8).  Even though genotypes affected the phenotypic variation for qP in the field, no 
markers were associated with this trait.    
 Four markers in the candidate gene Crtiso and one marker in Ccd1 were associated 
with A in the growth chamber with individual effects of 6 to 7% (Table 8).  Significant q 
thresholds for GLM and MLM were set at 0.21 and 0.27, respectively, which means that 
approximately one out of the five associations is false.  Three markers in both Ccd1 and 
Hyd1 were associated with field A (Table 8), with estimated individual marker effects 
ranging from 5 to 8%.  Q value thresholds for LD mapping with field data were set at 0.1 for 
both GLM and MLM.  Based on this cut-off value, less than one marker out of the six 
associated with A is expected to be false.   
Markers in Crtiso also were associated with ΦPSII under growth chamber conditions 
(Table 8) with q values ≤ 0.25 and 0.36 for GLM and MLM models, respectively.  Although 
approximately one marker out of the four is expected to be associated falsely with variation 
in ΦPSII, the fact that multiple markers of the same gene were significant for two phenotypes 
(A and ΦPSII) is another indication of the robustness of the data and analysis.  
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Table 8.  Association of carotenoid candidate genes with photosynthetic rate (A) and 
effective quantum yield (ΦPSII) using a general linear model (GLM) and a mixed linear model 
(MLM) as implemented in TASSEL.  Traits were analyzed individually per environment.  
Only significant SNP’s for each model are shown. 
  
 
  GLM MLM 
Environment Trait Marker ID (gene) R2 p Q R2 p q 
Growth 
chamber A 
SB00127.1 (CRTISO) 0.075 0.014 0.164 0.075 0.019 0.222 
SB00127.3 (CRTISO) 0.075 0.015 0.164 0.074 0.02 0.222 
SB00127.5 (CRTISO) 0.075 0.014 0.164 0.075 0.019 0.222 
SB00127.6 (CRTISO) 0.075 0.014 0.164 0.075 0.019 0.222 
SB00178.2 (CCD1) 0.064 0.024 0.214 0.064 0.03 0.273 
Field A 
SB00178.1 (CCD1) 0.079 0.002 0.021 0.044 0.009 0.056 
SB00178.3 (CCD1) 0.079 0.002 0.021 0.044 0.009 0.056 
SB00175.1 (HYD1) 0.061 0.008 0.03 0.031 0.028 0.073 
SB00175.3 (HYD1) 0.061 0.008 0.03 0.031 0.028 0.073 
SB00178.2 (CCD1) 0.064 0.006 0.03 0.036 0.018 0.073 
SB00175.5 (HYD1) 0.045 0.022 0.061 0.026 0.044 0.096 
Growth 
chamber ΦPSII 
SB00127.1 (CRTISO) 0.034 0.022 0.25 0.033 0.032 0.364 
SB00127.3 (CRTISO) 0.037 0.018 0.25 0.035 0.028 0.364 
SB00127.5 (CRTISO) 0.034 0.022 0.25 0.033 0.032 0.364 
SB00127.6 (CRTISO) 0.034 0.022 0.25 0.033 0.032 0.364 
 
Discussion 
Phenotypic variation was observed for all traits in both environments.  Consistently 
greater levels of A, ΦPSII, and qP were observed under field conditions than in the growth 
chamber.  This could be attributed to higher light (PAR) intensity (1900 vrs 1300 µmol CO2 
m-2 s-1), higher temperature (33 and 28 C), and more advanced developmental stages 
(anthesis vrs eight leaf) of plants in the field than in the growth chamber.  
Environment and its interaction with genotypes were significant sources of variation; 
thus, LD mapping analysis was conducted independently for each environment.  This could 
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be a challenging result from a plant breeding perspective, because specific genes/markers 
must be used for selection in each environment.  This however is not a surprising result 
considering the different environmental conditions used in both studies and the complex 
physiological and genetic architecture of the traits under investigation.  An example of light 
(PAR) levels changing carotenoid compositions in leaf tissue has been reported by Tyutereva 
and Voitsekhovskaga (2011), who evaluated the chlorine 3613 mutant of barley (Hordeum 
vulgare L.).  They determined that β-carotene levels were dependent on the amount of light 
(PAR) that leaves were grown under.  A 40% decrease in light (PAR) led to a threefold 
increase in β-carotene levels; however, when light (PAR) levels were returned to full 
sunlight, β-carotene levels decrease to their original concentration.  We can speculate that the 
differences in light (PAR) levels between the growth chamber (1300 µmol CO2 m-2 s-1) and 
the field (1900 µmol CO2 m-2 s-1) could have changed the actual carotenoid composition in 
leaf tissue.  To accomplish that composition change, differential expression of carotenoid 
genes might be required under low versus high light intensity, which could explain the 
difference in markers associated in the growth chamber (Crtiso and Ccd1) versus in the field 
(Ccd1 and Hyd1). 
Allelic variation in the carotenoid candidate genes Ccd1, Crtiso, and Hyd1 was 
associated with phenotypic variation in A and ΦPSII.  Multiple markers per gene were 
associated with each trait, a result in agreement with the high LD level documented between 
markers in those genes (Salas Fernandez, 2008).  The fact that some markers were associated 
consistently with both traits and/or in both environments is more evidence of the robustness 
of the analysis.  
49 
 
Ccd1 was associated with A under growth chamber and field conditions (Table 8).  In 
plants, Ccd1 performs an oxidative cleavage of carotenoids resulting in the formation of 
apocarotenoids and other volatiles (Auldridge et al., 2006; Cuttriss et al., 2011).  In maize, 
Ccd1 is the most-abundant carotenoid gene transcript in leaf tissue and it has been shown to 
cleave several carotenoids including zeaxanthin and β-carotene in vitro (Schwartz et al., 
2004; Vogel et al., 2008; Ilg et al., 2009; Vallabhaneni et al., 2010).  The Nced gene family is 
closely related to Ccd1 and has been reported to control the rate-limiting step in abscisic acid 
formation (Welsch et al., 2008; Ohmiya, 2009).  Neither of the two gene families (NCED or 
CCD) have been functionally characterized in sorghum; therefore, there are no experimental 
data to confirm the biological role of Ccd1.  Based on the evidence from maize, closely 
related to sorghum, it is possible to speculate that a different activity/concentration of Ccd1 
would impact the rate of degradation of pigments involved in light harvesting and therefore 
affect the leaf photosynthetic capacity.    
Crtiso was associated with variation in A and ΦPSII when sorghum plants were grown 
under controlled conditions (Table 8).  CRTISO is required to isomerize cis bonds into trans 
bonds, which are later required to add β and ε rings on carotenoids (Isaacson et al., 2002).  
The configuration of bonds as cis or trans also influences the wavelength and intensity of 
light (PAR) absorption by specific carotenoids (Giuliano et al., 2002).  The activation of the 
CRTISO enzyme has been linked to electron transport chain products and the presence of 
light (Isaacson et al., 2004).  Experimental evidence suggests that CRTISO regulates the light 
absorption capacity in a plant, a biological role that would explain the association reported in 
this study between Crtiso and A and ΦPSII (Isaacson et al., 2004). 
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The β hydroxylase gene Hyd1 was associated with A in plants grown under field 
conditions (Table 8).  β hydroxylases add hydroxyl groups to α-carotene and β-carotene 
producing lutein and zeaxanthin, respectively.  Manipulation of β hydroxylase concentration 
in Arabidopsis has been linked to a 30% increase in total xanthophylls (Davison et al., 2002).  
A large proportion of the xanthophyll increase is explained by violaxanthin bound to the light 
harvesting complex of PSII where violaxanthin plays a role in light capture and 
photoprotection (Davison et al., 2002).  Natural variation of Hyd3 in maize affects β-carotene 
and zeaxanthin levels in grain endosperm (Vallabhaneni et al., 2009).  If the same 
relationship between β hydroxylases and β-carotene are found in leaf tissue, an increase in β-
carotene would increase light capturing capability of the plant which relates to the overall 
photosynthetic capacity.       
This study is the first investigation on the effect of natural genetic variation in 
carotenoid genes on the photosynthetic capacity of a crop species.  LD mapping results 
provide insight into specific reactions in the carotenoid biosynthesis pathway and their role in 
photosynthesis and light harvesting.  Positively associated markers reported here should be 
further validated in larger germplasm sets and under different environmental conditions.  LD 
decay around these markers will be determined to confirm/identify the functional 
polymorphisms associated with photosynthesis.  Additional studies are planned to determine 
the effect of other carotenoid genes (PSY2, VDE, and ZEP on photosynthetic rates and 
investigate the effects of carotenoid genes on sorghum yield. 
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CHAPTER 4: CONCLUSIONS 
The three questions proposed in Chapter 1 were answered by designing and executing a 
series of experiments to characterize the phenotypic variation for photosynthesis in sorghum 
and test the effect of carotenoid candidate genes on that phenotype.  The answers to each of 
the three questions are summarized below. 
What are the optimal experimental conditions to obtain repeatable phenotypic 
data? 
Complex physiological phenotypes such as photosynthesis represent a challenge in 
genetic studies, particularly in LD mapping experiments, in which large sets of germplasm 
must be evaluated.  Since there is limited information on photosynthesis in sorghum, the 
optimal experimental conditions to obtain repeatable and reliable phenotypic data were 
determined in this study.  Leaf section, day of measurement, light (PAR) levels, and CO2 
levels in the LI-COR chamber were investigated to determine their effect on A.  Leaf section 
was identified as a significant factor affecting A and therefore, a section approximately two 
thirds from the blade collar on the last fully expanded leaf was used in subsequent 
experiments.  Even though the day of measurement had no effect on A as an individual 
factor, its interaction with genotypes and leaf section affected the level of photosynthesis.  
Seeds were germinated in germination chambers for experiments under controlled conditions 
to ensure a homogenous developmental stage at the time of data collection.  Controlled 
germination is not possible under field conditions, but differences in developmental stage 
even if  data was collected over several days were minimal in field experiments because all 
plants were evaluated during anthesis.  Even in high light intensity growth chambers, 
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ambient light (PAR) levels were lower (1300 µmol m-2 s-1) than saturating light (PAR) 
conditions for sorghum (1600 µmol m-2 s-1).  More repeatable values of A were obtained 
when radiation conditions in the LI-COR chamber were equivalent to ambient, so a light 
(PAR) level of 1300 µmol m-2 s-1 was used in the LI-COR chamber in growth chamber 
experiments.  Following the same principle, a light (PAR) level of 1900 mol m-2 s-1 was set in 
the LI-COR chamber in field experiments to mimic ambient light (PAR) levels in a typical 
sunny day.  The experimental CO2 level overall did not affect A; however, there was an 
interaction between genotype and CO2 level.  Ambient conditions (400 µmol CO2 s-1) were 
used for all subsequent experiments. 
Is there phenotypic variation for photosynthetic capacity? 
  As expected, there was significant phenotypic variation for A, ΦPSII, and qP in the 
“carotenoid diversity panel” in both environments, and genotypes were a significant source 
of variation for A (both environments), ΦPSII (both environments), and qP (field conditions).  
Phenotypic values obtained in the growth chamber experiment were lower than under field 
conditions, which could be attributed to lower ambient light (PAR) levels, lower temperature, 
and different days of measurements between experiments.  Three sorghum lines present in 
the “carotenoid diversity panel” (Tx430, Macia, and Kuyuma) had been previously 
characterized for A (Balota et al., 2008) in the field and greenhouse in Texas.  A general 
comparison between this study and Balota et al. (2008) suggests that the A values used for 
LD mapping are within reasonable expectations and similar to previously reported values for 
sorghum (Table 9).   
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Table 9. Comparison of average photosynthetic rates (A) (µmol CO2 m-2 s-1) of sorghum 
lines Tx430, Macia, and Kuyuma in Balota et al. (2008) and this study (under controlled and 
field conditions).   
Accession Growth 
chamber 
Balota et 
al., 2008 Field 
Tx430 34.8 56.3 46.3 
Macia 33.8 51.0 47.5 
Kuyuma 29.8 49.3 42.1 
 
Are there associations between allelic variants in carotenoid candidate genes and 
photosynthesis in sorghum? 
Associations of allelic variants in carotenoid candidate genes with A, ΦPSII, and qP were 
determined by LD mapping.  Statistically significant associations were identified between 
markers in the carotenoid cleavage dioxygenase (Ccd1), carotenoid isomerase (Crtiso), and β 
hydroxylase (Hyd1) gene for at least one phenotype.   
Even though associations were tested for each environment individually, several markers 
were positively associated with one or more phenotypes in more than one environment, 
which confirms the robustness of the analysis.  Ccd1, involved in the cleavage of multiple 
carotenoids to produce apocarotenoids and volatiles (Vallabhaneni et al., 2010), was 
consistently associated with A in the growth chamber and field experiments.  Crtiso, which 
induces a conformational change of double bonds from cis to trans, was associated with A 
and ΦPSII in the growth chamber.  Proper isomerization is required for the addition of β or ε 
rings (Iscaacson et al., 2004) and determines the wavelength and intensity of radiation that 
can be absorbed by a specific carotenoid (Giuliano et al., 2002).  Three markers on the β 
hydroxylase gene, Hyd1, were associated with variation in A under field conditions.  β 
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hydroxylases impact the amount of β-carotene and xanthophyll concentrations in the grain 
and leaf tissue (Davison et al., 2004; Vallabhaneni et al., 2009).  Carotenoids, specifically β-
carotene, play roles in light harvesting which affects photosynthetic rates.  In general, all 
markers explained a small proportion of the phenotypic variation (5 to 8%), as expected for a 
highly quantitative and highly complex trait such as photosynthesis.      
Future work 
LD mapping was successfully implemented to identify markers in carotenoid candidate 
genes that are significantly associated with variation in leaf photosynthetic rates.  Further 
studies will be conducted to prove that the allelic variation in those candidate genes is the 
causal polymorphism affecting the traits and not other gene/polymorphism in LD.  The set of 
carotenoid candidate genes is currently being expanded to include Phytoene Synthase 2 
(Psy2), Violaxanthin De-epoxidase (Vde), and Zeaxanthin Epoxidase (Zep).  Vde and Zep 
control the xanthophyll cycle, a key component of photoprotection mechanisms, and Psy2 is 
highly expressed in leaf tissues and catalyzes a rate-limiting step in the carotenoid 
biosynthesis pathway.  The carotenoid candidate gene families of cleavage dioxygenases, 9-
cis carotenoid cleavage dioxygenases, and β hydroxylases have additional gene copies that 
have not been included in this study but will be tested in the future. 
The small population size of the “carotenoid diversity panel” used in this study reduced 
the power to detect markers/genes with small effect or in low frequency.  Therefore, a larger 
panel called the “sorghum diversity panel” described in Casa et al. (2008) will be used in 
future experiments to increase the statistical power, confirm the associations identified in this 
study, and identify new markers/genes.  Genome wide association analysis (GWAS) will be 
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performed with that panel to test the association between markers distributed throughout the 
genome and photosynthesis.     
 Abiotic stresses significantly affect photosynthesis because they can induce stomatal 
closure and inactivation of photosynthetic reaction centers which would reduce 
photosynthetic rates and induce photoprotective mechanisms.  Since carotenoids play 
essential roles in both photosynthesis and photoprotection, we can hypothesize that different 
associations will be identified between carotenoid candidate genes and photosynthesis and 
photoprotection under stress conditions.  In rice, a β hydroxylase mutation trial observed 
lower photosynthetic rates, Fv/Fm, and nonphotochemical quenching under drought and 
oxidative stresses but had a marginal effect under cold conditions (Du et al., 2010).  Cold and 
drought are important abiotic stresses affecting agricultural productivity in most crops and 
sorghum growth has been investigated under both drought and cold stress conditions (Taylor 
and Rowley, 1971; Cechin, 1998; Xu and Kirkham, 2003: Bhargava and Paranjpe, 2004; 
Ercoli et al., 2004; Abdulai, 2005).  Therefore, GWAS will be conducted in the large 
“sorghum diversity panel” to detect marker associations with photosynthesis and 
photoprotection under cold and drought conditions.  Finally, gene expression analysis and 
evaluation of reactive oxygen species levels will be included in future experiments as well as 
the effect of variable photosynthetic rates and photoprotective levels on growth and biomass 
productivity.   
 This thesis was a proof of concept that LD mapping can be successfully applied to 
investigate the genetic architecture of complex physiological traits such as photosynthesis. 
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Accession 
ID 
Geographic 
origin 
Endosperm 
color 
A                              
(growth 
chamber) 
A               
(field) 
ΦPSII                    
(growth 
chamber) 
ΦPSII          
(field) 
qP                 
(growth 
chamber) 
qP          
(field) 
R.Tx2536 
 
Y 30.6 47.2 0.26 0.35 0.50 0.65 
PI563068 USA Y 32.7 47.3 0.34 0.31 0.60 0.60 
PI563392 Uganda Y 27.9 36.8 0.27 0.32 0.50 0.61 
PI563398 USA Y 17.5 43.0 0.18 0.31 0.36 0.61 
PI56340 Chad Y 32.5 47.3 0.28 0.34 0.53 0.63 
PI563430 USA  Y 30.8 50.6 0.26 0.38 0.51 0.67 
PI563447 USA Y 32.5 37.4 0.27 0.30 0.50 0.65 
PI563448 USA Y 27.1 45.9 0.25 0.34 0.49 0.65 
PI563449 USA Y --- 34.7 --- 0.29 --- 0.61 
PI563450 USA Y 21.1 41.6 0.21 0.33 0.42 0.65 
PI563451 USA Y 15.9 38.2 0.21 0.30 0.43 0.60 
R.Tx2737 USA Y 20.0 48.1 0.18 0.32 0.35 0.64 
PI563452 USA Y 32.7 41.8 0.29 0.32 0.55 0.62 
PI563453 USA Y 29.5 48.8 0.20 0.32 0.39 0.64 
PI563454 USA Y 29.6 43.0 0.26 0.37 0.52 0.70 
PI563455 USA Y 28.1 40.2 0.23 0.32 0.41 0.64 
PI563457 USA Y 29.9 35.5 0.25 0.23 0.43 0.60 
PI563485 Senegal  Y 26.7 47.2 0.31 0.32 0.58 0.66 
PI563638 China Y --- 48.9 --- 0.35 --- 0.65 
PI565120 Zimbabwe  Y 22.7 42.2 0.27 0.35 0.43 0.60 
PI565123 Zimbabwe  Y 29.1 46.1 0.24 0.33 0.45 0.67 
PI569005 Sudan  Y 32.3 47.3 0.27 0.38 0.53 0.72 
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Accession 
ID 
Geographic 
origin 
Endosperm 
color 
A                              
(growth 
chamber) 
A               
(field) 
ΦPSII                    
(growth 
chamber) 
ΦPSII          
(field) 
qP                 
(growth 
chamber) 
qP          
(field) 
Sureno Honduras W 33.2 46.5 0.30 0.34 0.54 0.67 
PI569225 Sudan Y 32.2 48.8 0.26 0.65 0.43 0.67 
PI569233 Sudan Y 27.2 46.2 0.25 0.32 0.46 0.66 
PI569563 Sudan Y 35.6 43.2 0.31 0.28 0.57 0.63 
PI569691 Sudan Y 27.6 45.1 0.24 0.35 0.43 0.67 
PI569699 Sudan Y 29.8 44.3 0.33 0.35 0.52 0.68 
PI569703 Sudan Y 28.8 48.0 0.21 0.32 0.49 0.59 
PI569704 Sudan Y 30.3 34.9 0.27 0.28 0.50 0.62 
PI569710 Sudan Y 18.0 46.8 0.23 0.35 0.41 0.68 
PI569730 Sudan Y 27.6 49.0 0.27 0.37 0.56 0.70 
Macia Zimbabwe  W 33.8 48.4 0.28 0.38 0.58 0.66 
PI569743 Sudan Y 36.7 44.6 0.31 0.33 0.57 0.63 
PI569755 Sudan Y 24.9 32.4 0.23 0.25 0.44 0.51 
PI569759 Sudan Y 29.0 46.4 0.26 0.37 0.51 0.70 
PI569760 Sudan Y 29.7 49.1 0.26 0.35 0.50 0.67 
PI569769 Sudan Y 32.8 45.0 0.29 0.34 0.57 0.65 
PI569772 Sudan Y 28.4 48.2 0.26 0.32 0.53 0.63 
PI569773 Sudan Y 33.7 45.7 0.22 0.33 0.44 0.66 
PI569799 Sudan Y 19.9 40.0 0.19 0.31 0.41 0.64 
PI569812 Sudan Y 34.6 42.3 0.31 0.33 0.60 0.66 
Kuyuma South Africa W 29.8 43.6 0.22 0.32 0.41 0.63 
PI585346 Lebanon Y 36.3 45.8 0.29 0.34 0.54 0.65 
PI585347 Lebanon Y 25.7 50.8 0.22 0.33 0.41 0.64 
PI585349 Lebanon Y 27.4 47.3 0.26 0.33 0.51 0.64 
PI585350 Lebanon Y 32.5 40.9 0.28 0.30 0.51 0.60 
PI585351 Lebanon Y --- 41.7 --- 0.35 --- 0.62 
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Accession 
ID 
Geographic 
origin 
Endosperm 
color 
A                              
(growth 
chamber) 
A               
(field) 
ΦPSII                    
(growth 
chamber) 
ΦPSII          
(field) 
qP                 
(growth 
chamber) 
qP          
(field) 
PI585352 Lebanon Y 27.7 46.6 0.24 0.32 0.48 0.64 
PI585353 Lebanon Y 29.2 45.0 0.27 0.31 0.55 0.62 
PI585355 Lebanon Y 35.1 44.9 0.29 0.33 0.57 0.64 
PI585359 Lebanon Y 27.4 36.4 0.23 0.30 0.44 0.63 
B.Tx623 USA W 31.4 46.5 0.27 0.35 0.49 0.67 
PI585363 Lebanon Y 28.7 41.0 0.25 0.32 0.53 0.65 
PI585365 Lebanon Y 28.6 47.0 0.27 0.33 0.52 0.66 
PI585368 Lebanon Y 30.7 44.9 0.27 0.36 0.54 0.69 
PI585369 Lebanon Y --- 46.1 --- 0.34 --- 0.66 
PI585372 Lebanon Y 35.4 43.7 0.31 0.35 0.60 0.65 
PI585373 Lebanon Y 25.6 44.4 0.23 0.34 0.49 0.64 
PI585374 Lebanon Y 28.8 44.1 0.28 0.35 0.55 0.65 
PI585376 Lebanon Y 35.4 51.1 0.29 0.37 0.54 0.66 
PI585379 Ethiopia Y 25.7 39.7 0.23 0.30 0.47 0.62 
PI585421 Nigeria Y 33.5 45.8 0.27 0.32 0.56 0.68 
PI586046 Nigeria Y 26.9 46.0 0.30 0.33 0.63 0.66 
NSIL54187 
 
Y 22.9 39.5 0.24 0.35 0.49 0.69 
NSIL86893 
 
Y 29.1 44.0 0.26 0.33 0.50 0.66 
Grif 700 India Y 31.5 41.0 0.29 0.35 0.53 0.66 
NSL51249 Udganda W 26.8 45.7 0.30 0.34 0.58 0.69 
NSL51397 South Africa W 36.2 46.6 0.32 0.37 0.63 0.65 
NSL51753 
 
W 27.6 51.5 0.20 0.36 0.51 0.69 
PI560493 South Africa Y 26.4 44.1 0.24 0.37 0.51 0.71 
NSL77034 Uganda W 29.8 33.9 0.27 0.25 0.50 0.55 
NSL84230 South Africa W 32.9 49.2 0.28 0.36 0.55 0.65 
NSL84236 Tanzania W 21.0 46.7 0.26 0.36 0.44 0.68 
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Accession 
ID 
Geographic 
origin 
Endosperm 
color 
A                              
(growth 
chamber) 
A               
(field) 
ΦPSII                    
(growth 
chamber) 
ΦPSII          
(field) 
qP                 
(growth 
chamber) 
qP          
(field) 
PI221608 Gahana W 28.6 48.7 0.24 0.36 0.44 0.69 
PI267525 Egypt W 35.1 50.6 0.31 0.38 0.61 0.70 
PI511016 Botswana W 31.4 43.6 0.27 0.32 0.56 0.63 
PI514605 Senegal  W 31.5 42.9 0.27 0.37 0.50 0.66 
PI562777 USA Y --- 46.4 --- 0.34 --- 0.67 
PI571048 Sudan W 23.6 43.3 0.28 0.36 0.48 0.68 
SC630-11 EII Zambia W 22.7 46.1 0.19 0.39 0.38 0.71 
SC630-11 Eii Zambia W 30.0 46.8 0.26 0.35 0.51 0.67 
R.TX430 USA Y 34.8 45.8 0.29 0.33 0.56 0.66 
SC748-5 Sudan W 23.7 40.6 0.25 0.35 0.58 0.69 
Calico Ethiopia/USA/Sudan W 34.3 46.7 0.33 0.35 0.64 0.67 
KS115 USA Y 29.0 47.6 0.25 0.35 0.48 0.67 
 
